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Abs t rac t  

The ruggedness o f  an e l e c t r o n i c  mechanism t h a t  t ransforms,  c o n t r o l s  and 
coord ina tes  t h e  e l e c t r i c  power f o r  t h e  i n d i v i d u a l  f u n c t i o n s  o f  an e l e c t r i c  i on  
p ropu l s i on  engine i s  r e l a t e d  t o  t h e  s t resses  imposed on i t s  semiconductor swi tch-  
i n g  components. Causes and na tu re  o f  these s t resses  i n  t r a n s i s t o r s  and t h y r i s t o r s  
o p e r a t i n g  w i t h i n  conven t iona l  and unorthodox systems a r e  discussed. A  system i s  
descr ibed which a l l ows  t h e  use o f  h i g h l y  s t r e s s  t o l e r a n t  sw i t ch ing  components and 
ye t  minimizes these s t resses  under s t a t i c  and dynamic c o n d i t i o n s  o f  opera t ion .  
Experimental  r e s u l t s  o f  i n t e g r a t i o n  o f  a  95% e f f i c i e n t ,  s i n g l e  module, 2  kW e lec -  
t r o n i c  conver te r  w i t h  a  20 cm ion  p ropu l s i on  engine a r e  presented. 

I. l n t  roduct ion  

The r e a c t i o n  caused by t h e  focused a c c e l e r a t i o n  o f  a  l a r g e  number o f  e lec -  
t r i c a l l y  charged smal l  p a r t i c l e s ,  such as ion ized  gas molecules,  man i fes ts  i t s e l f  
i n  t h e  form o f  t h r u s t  and f i n d s  a p p l i c a t i o n  t o  space v e h i c l e  p ropu ls ion .  E l e c t r i c  
energy i s  used f o r  v a p o r i z a t i o n  o f  l i q u i d  meta ls ,  f o l l owed  by t h e  i o n i z a t i o n ,  
a c c e l e r a t i o n  and eventual  d e i o n i z a t i o n  o f  these  vapors. The advantage sought over 
chemical p ropu l s i on  i s  t h a t  o f  h i ghe r  energy d e n s i t y  o f  t h e  combined e l e c t r i c  and 
ion  engine equipment when compared t o  t h a t  o f  chemical p r o p e l l a n t s  and t h e  asso- 
c i a t e d  s t r u c t u r e s .  T h i s  expected advantage increases w i t h  d u r a t i o n  o f  t h e  t h r u s t  
a p p l i c a t i o n  i f  one de r i ves  t h e  requ i red  e l e c t r i c  energy f rom t h e  sun o r  from 
nuc lear- thermal  sources. Phys ica l  s i z e  and weight  o f  t h e  e l e c t r i c  equipment a r e  
determined by t h e  peak power l e v e l ,  r a the r  than t h e  d u r a t i o n  o f  t h e  miss ion  w i t h i n  
reasonable l i m i t s ,  such as severa l  years. The mass o f  needed p r o p e l l a n t  remains 
p r o p o r t i o n a l  t o  t h e  d u r a t i c n  and magnitude o f  t h r u s t ;  however, t h e  mass o f  pro-  
p e l l a n t  f o r  e l e c t r i c  p r o p u l s i o n  i s  moderate compared t o  t h a t  o f  chemical p rope l -  
l a n t s  which incorpora te  bo th  mass and t h e  f u e l  f o r  p ropu l s i on .  

A. The Electromechanical  Svstem 

A v a i l a b i l i t y  o f  an adequate amount o f  e l e c t r i c  energy f o r  a g i ven  m iss ion  
and o f  a  work ing ion  engine appear r e q u i s i t e  t o  t h e  implementat ion o f  such a  p ro -  
p u l s i o n  system. The f l o w  o f  power f rom t h e  source o f  e l e c t r i c  energy t o  t h e  
engine i s  governed by an e l e c t r o n i c  c o n t r o l  system. Th i s  system implements cur -  
r e n t  o r  predetermined command func t i ons  and channels e l e c t r i c  power t o  t h e  i n d i -  
v i d u a l  i n t e r n a l  f u n c t i o n s  o f  t h e  ion  engine. These i nc l ude  i t s  metal vapo r i ze r ,  
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t h e  cathode heater ,  t h e  magnet c o i  1 ,  and t h e  e l e c t r i c  beam, t o  name some ( 1 ,  2 ) .  
The e l e c t r o n i c  c o n t r o l  system i n t e r a c t s  w i t h  every one o f  t h e  s i g n i f i c a n t  com- 
ponents o f  t h e  ion engine, p r o v i d i n g  energy a t  t ime  v a r y i n g  ra tes  t o  these  com- 
ponents, and i n  so doing, govern ing t h e  f unc t i ons  o f  t h e  i n d i v i d u a l  engine com- 
ponents and o f  t h e  engine as a  whole. The e l e c t r o n i c  power supply and c o n t r o l  
system i s  i n  t h i s  sense an i n t e g r a l  p a r t  o f  t h e  engine and performs i t s  govern ing 
and c o o r d i n a t i n g  f u n c t i o n s  through i t s  extraneous t o o l s ,  which a r e  mechanical 
p a r t s  o f  t h e  engine, A  p a r t i t i o n  o f  t h e  system i n t o  mechanical and e l e c t r i c a l  
p o r t i o n s  appears ra the r  as an a r t i f i c i a l  c u t  a long  t h e  d i s c i p l i n e s  o f  concerned 
personnel,  than t o  r e f l e c t  t h e  charac te r  o f  engine technology. 

System Requirements - The misconcept ion t h a t  these engines need a  "power 
supp ly ' '  r a t h e r  than a  complex e l e c t r o n i c  system which i s  an i n t e g r a l  p a r t  of  t h e  
engine t o  supply,  coord ina te ,  and c o n t r o l  t h e  power f l o w  t o  i t s  v a r i o u s  f u n c t i o n s  
has c o n t r i b u t e d  t o  a  r e t a r d a t i o n  o f  t h e  development i n  t h i s  area o f  technology. 
Th i s  e l e c t r o n i c  system per forms t h e  f u n c t i o n s  t o :  

1 .  Supply power t o  t h e  i n d i v i d u a l  engine components. 

2. Coord inate t h e  power f l o w  t o  any o f  t h e  components w i t h  t h e  i ns tan ta -  
neous s t a t e  o f  a l l  o t he r  components f o r  purposes o f  implementing a  g i ven  
command o f  t h e  c o n t r o l  system. 

3 .  Pro tec t  t h e  engine s t r u c t u r e  and t h e  pr ime source o f  e l e c t r i c a l  energy 
f rom v i o l e n t  t r a n s i e n t  e l e c t r i c  s t resses  t h a t  may be caused by engine 
opera t  i on  cha rac te r  i s t  i cs .  

4. Reconci le  t h e  s t a t i c  and t h e  dynamic c h a r a c t e r i s t i c s  o f  engine opera- 
t i o n  w i t h  t h a t  o f  t h e  source o f  e l e c t r i c a l  energy. 

Concepts o f  Operat ion - The f unc t i ona l  ph i losophy and t h e  implementary mech- 
anisms o f  t h e  i on  p ropu l s i on  engine a r e  descr ibed  i n  t h e  1 i t e r a t u r e  ( 1 ,  2 ) ,  The 
e l e c t r o n i c  power and c o n t r o l  system supp l i es  cont inuous e l e c t r i c  power t o  every 
one o f  t h e  eng ine 's  f unc t i ons  when ope ra t i ng  i n  t h e  steady s t a t e  mode. There a r e  
approx imate ly  t e n  such f u n c t i o n s  as i n d i c a t e d  i n  F igure  1 .  A l l  o f  these  cou ld  
be supp l i ed  w i t h  dc power. The o p e r a t i n g  vo l t ages  are,  i n  some instances, chosen 
a t  l e v e l s  o f  f i v e  o r  t e n  v o l t s ,  such as f o r  t h e  beam focus ing magnet, c o i l ,  and 
f o r  va r i ous  heater  f unc t i ons .  I n  some cases, one has reso r ted  t o  t h e  a p p l i c a t i o n  
o f  ac power f o r  reasons o f  economy o f  energy, t o  a v o i d  t h e  power l oss  o f  r e c t i f i e r  
f i l t e r  systems which become s i g n i f i c a n t  f o r  low-vo l tage a p p l i c a t i o n s .  Some o f  
these  power supply channels f l o a t  a t  p o t e n t i a l s  o f  severa l  k i l o v o l t s  and a r e  t h e  
cause o f  s u b s t a n t i a l  concern t o  prevent  v o l t a g e  breakdown near app rec iab le  quan- 
t i t i e s  o f  ion ized  gases w i t h i n  a  ve ry  low gas p ressure  environment. 

Dur ing t h e  s t a r t i n g  phase o f  t h e  engine, i t  i s  r equ i red  t h a t  i t s  i n d i v i d u a l  
f u n c t i o n s  a r e  i n i t i a t e d  i n  proper  sequence and accord ing  t o  predetermined modes. 
Ne i t he r  sequence nor mode are,  however, necessa r i l y  i n v a r i a n t  and r e q u i r e  mod i f i -  
c a t i o n s  accord ing  t o  i n c i d e n t  c o n d i t i o n s  o f  opera t ion .  Th i s  i s  implemented by a 
s e l f - a l i g n i n g  feedback system t h a t  c o n t r o l s  a l l  channels o f  power t r a n s f e r  a t  any 
t ime. 



Normal o p e r a t i o n  o f  t h e  engine i s  f r e q u e n t l y  i n t e r r u p t e d  a t  t imes  when t h e  
s teady -s ta te  f i e l d  i n  t h e  plasma i s  d i s t u r b e d  by a r c i ng ,  mos t l y  due t o  s p u t t e r i n g  
o f  t h e  p r o p e l l a n t .  Engine ope ra t i on  i s  then  u s u a l l y  d i scon t i nued  by removing t h e  
e l e c t r i c  power t h a t  sus ta ins  t he  beam and i s  subsequent ly resumed by reapp l i ca -  
t i o n  o f  power t o  t h e  va r i ous  engine elements i n  an a p p r o p r i a t e  sequence o f  events.  
Th i s  procedure may o r  may no t  c l e a r  t h e  p r e v i o u s l y  e x i s t i n g  f a u l t  c o n d i t i o n s  and 
cou ld  r e q u i r e  con t inued  r e c y c l i n g  o f  engine ope ra t i on  i n  t h i s  f ash ion  u n t i l  steady- 
s t a t e  c o n d i t i o n s  can be rees tab l i shed .  

Some o f  t h e  power t r a n s f e r  channels w i l l  undergo s u b s t a n t i a l  v a r i a t i o n s  o f  
t h e i r  t r a n s f e r  c h a r a c t e r i s t i c s  d u r i n g  these  phases o f  t r a n s i t i o n .  The ou tpu t  
v o l t a g e  o f  t h e  so c a l l e d  "arc s u p p l y l ' v a r i e s  over  a  r a t i o  o f  3 : l  o r  more, and 
observes s imu l taneous ly  va ry i ng  l i m i t s  t h a t  a r e  imposed on t h e  supply o f  cu r ren t .  
The vo l t -ampere c h a r a c t e r i s t , i c  o f  t h i s  channel o f  power supply i s  dep i c ted  i n  
F igure  2, which i l l u s t r a t e s  some o f  t h e  imposed requirements,  The i n d i c a t e d  ou t -  
pu t  v o l t a g e  and c u r r e n t  v a r i a t i o n s  a r e  determined by t h e  e l e c t r o n i c  c o n t r o l  sysr 
tems and a r e  generated i n  response t o  i t s  predetermined program, as mod i f i ed  by 
feedback s i g n a l s  t h a t  o r i g i n a t e  f rom o t h e r  engine f unc t i ons .  

The e l e c t r o n i c  c o n t r o l  mechanism i s  acco rd ing l y  o f  s u b s t a n t i a l  complex i ty ,  
s i nce  i t  i n t e r l i n k s  t h e  o therw ise  uncoord inated f u n c t i o n s  o f  a  s o p h i s t i c a t e d  
engine. Th i s  apparent complex i ty  i s  compounded by severa l  c o n s t r a i n t s  whose pur-  
pose i t  i s  t o  secure t h a t :  

1 .  No p a r t  o f  t h e  engine i s  damaged by un t ime l y  o r  unduly  e n e r g i z i n g  any 
g i ven  f unc t  ions. 

2. The source o f  energy be p r o t e c t e d  aga ins t  v i o l e n t  t r a n s i e n t  power re -  
qu i rement  caused by problems i n  engine ope ra t i on .  

3. The e l e c t r o n i c  power and c o n t r o l  system p r o t e c t s  i t s  own c r i t i c a l  com- 
ponents aga ins t  damage caused by v i o l e n t  t r a n s i e n t s ,  

4. The e l e c t r o n i c  power and c o n t r o l  system opera te  w i t h i n  t h e  c o n s t r a i n t s  
o f  maximum e f f i c i e n c y  and r e l i a b i l i t y ,  minimum phys i ca l  weight  and s i z e  
and t o l e r a n c e  o f  a  h o s t i l e  environment. 

The p reced ing  cons idera t  ions a r e  c l o s e l y  interdependent.  Re1 i a b i  l i t y  o f  
t h e  e l e c t r o n i c  system as a  whole and minimum phys i ca l  weight  and s i z e  a r e  d i a -  
m e t r i c a l l y  opposed requirements.  System weight and s i z e  a r e  i n v e r s e l y  p ropor -  
t i o n a l  t o  t h e  i n t e r n a l  frequency o f  e l e c t r o n i c  conver te r  ope ra t i on ,  y e t  t h e  l i f e  
expectancy o f  c r i t i c a l  components o f  t h e  system such as semiconductor s w i t c h i n g  
elements decreases w i t h  an increase o f  t h i s  frequency. The necess i t y  t o  accom- 
modate wide v a r i a t i o n s  o f  t h e  v o l t a g e  o f  an e x o t i c  source o f  e l e c t r i c  energy and 
o f  t h e  power demand o f  c e r t a i n  engine f u n c t i o n s  imposes s u b s t a n t i a l  p e n a l t i e s  on 
power e l e c t r o n i c  apparatus i n  t h e  form o f  added power c a p a c i t i e s  t o  s a t i s f y  tem- 
pora r y  requ i rements. 

The speed o f  dynamic response o f  t h e  e l e c t r o n i c  system increases w i t h  i t s  
f requency, s i n c e  t h e  energy s to rage  elements i n  i t s  c i r c u i t s  decrease i n  s i z e  
acco rd ing l y ,  Th is ,  however, reduces t h e  s i z e  o f  cushions t h a t  p r o t e c t  t h e  



v u l n e r a b l e  s w i t c h i n g  elements o f  t h e  e l e c t r o n i c  systems from t h e  impact o f  sudden 
e l e c t r i c  s t resses  t h a t  a r i s e  concurrent  w i t h  v i o l e n t  t r a n s i e n t s  i n  engine opera- 
t i o n ,  d u r i n g  and a f t e r  a rc ing .  The c o n f l i c t  between phys i ca l  b u l k  and r e l i a b i l i t y  
o f  power e l e c t r o n  i cs equ i pment i s  f u r t h e r  compounded by a  component problem o f  
long s tand ing  which a r i s e s  w i t h  t h e  use o f  power t r a n s i s t o r s  i n  c i r c u i t s  t h a t  
c o n t a i n  i n d u c t i v e  s to rage  elements. 

The power t r a n s i s t o r  has evolved from gradual development o f  t h e  sma l l e r  
t r a n s i s t o r s  used i n  s i gna l  l e v e l  e l e c t r o n i c  c i r c u i t s .  I t s  j u n c t i o n s  a r e  r e l a -  
t i v e l y  l a r g e  t o  accommodate cu r ren t  f l o w  a t  power l e v e l s  and i t s  geometr ies have 
been t a y  l o r e d  t o  w i t hs tand  t h e  vo l t ages  encountered i n  c u r r e n t  spacecra f t  e l  ec- 
t r i c  systems. The requirements f o r  adequate c o l l e c t o r  c u r r e n t  c a r r y i n g  and v o l t -  
age h o l d - o f f  c a p a b i l i t y  r e f l e c t  t h e  need f o r  h i g h  power hand l i ng  capac i ty .  How- 
ever,  bo th  o f  t hese  requirements a f f e c t  t h e  h i gh  frequency o r  sw i t ch ing  charac te r -  
i s t i c s  o f  t h e  dev i ce  un favorab ly .  Th i s  t y p e  o f  dev ice  i s  known t o  be s l ugg i sh  
d u r i n g  t h e  t r a n s i t i o n  f rom t h e  conduct ing t o  t h e  nonconduct ing s t a t e  and v i c e  
versa. Apprec iab le  amounts o f  energy a r e  be ing  d i s s i p a t e d  i n  t h e  devices d u r i n g  
these  t r a n s i t i o n s .  Th i s  d i s s i p a t i o n  was d i sp layed  as a  f u n c t i o n  o f  t ime  on t h e  
screen o f  an o s c i l l o s c o p e ,  us i ng  a  wat tmeter  w i t h  a  bandwidth o f  10 MHz f o r  t h a t  
purpose ( 3 ) ,  A photograph o f  t h e  t r a c e  i s  shown i n  F igu re  3 ,  The power d i s -  
s i pa ted  i n  t h e  dev i ce  d u r i n g  s e t t l e d  c u r r e n t  f l o w  appears as a  f l a t  s a d d l e - l i k e  
shape i n  t h e  c e n t r a l  p o r t i o n  o f  t h e  curve. The "peaks" l oca ted  a t . b o t h  ends o f  
t h a t  f l a t  p o r t i o n  correspond t o  t h e  instantaneous vo l t -ampere p roduc t  d u r i n g  t h e  
c l o s i n g  and opening phases o f  t h e  sw i t ch ing  t r a n s i s t o r .  A  10 HH inductance was 
added t o  t h e  r e s i s t i v e  10 ohm load t o  s imu la te  t h e  leakage inductance o f  a  t r a n s -  
former o r  o t h e r  d i s t r i b u t e d  e f f e c t s  i n  o rde r  t o  p r o v i d e  r e a l i s t i c  t e s t  c o n d i t i o n s  
f o r  t h i s  observat  ion, 

Th i s  photograph i n d i c a t e s  t h a t  t h e  instantaneous s t resses  t h a t  a r e  imposed 
on t h e  dev ice  a r e  s u b s t a n t i a l l y  l a r g e r  than  t h e i r  average. These a re ,  however, 
t h e  composite s t resses  imposed on t h e  dev ice  as a  whole, and do no t  i n d i c a t e  t h e  
l o c a l i z e d  s t resses  and t h e i r  s p a t i a l  d i s t r i b u t i o n  throughout  t h e  semiconductor 
j u n c t i o n  and i t s  p r o x i m i t y .  The i n t e n s i t y  o f  these  l o c a l i z e d  s t resses  i s  n o t  
known. The engineer  w i l l ,  t h e r e f o r e ,  de ra te  t h e  dev ice  f o r  some o f  t h e  f o l l o w -  
rng reasons: 

1.  To a l l o w  a  sa fe ty  margin f o r  peak s t resses  t h a t  occur d u r i n g  steady- 
s t a t e  opera t ion ,  

2. To accommodate t h e  increased s t resses  t r a n s i e n t  phases o f  o p e r a t i o n  
such as engine s t a r t - u p  and i t s  shutdown f o l l o w i n g  a r c i ng .  

Yet, d e r a t i n g  reduces t h e  power hand l i ng  c a p a b i l i t y  o f  a  s w i t c h i n g  dev i ce  
o f t e n  t o  10% o r  l ess  o f  i t s  maximum vol t -ampere product .  The o v e r r i d i n g  reasons 
f o r  t h i s  ex ten t  o f  d e r a t i n g  a r e  t h e  needed r a t i o s  o f  t h e  maximum instantaneous 
t o  t h e  average steady s t a t e  va lues o f  v o l t a g e  and c u r r e n t  r espec t i ve l y .  Because 
o f  i t s  s t r u c t u r e ,  can t h e  t r a n s i s t o r  t o l e r a t e  o n l y  a  v e r y  modest excurs ion  beyond 
i t s  maximum ra ted  c u r r e n t  f o r  any l eng th  o f  t ime. One way t o  increase t h e  power 
capac i t y  o f  s w i t c h i n g  f unc t i ons  i c  t o  opera te  two o r  more t r a n s i s t o r s  i n  p a r a l l e l .  



But ,  un less  these dev ices match p e r f e c t l y  and con t i nue  t o  match over t h e  requ i red  
range o f  temperature,  and throughout  t h e i r  ag ing  process these  a t tempts  may and 
do lead i n  unequal load  sha r i ng  and r e s u l t ,  u l t i m a t e l y ,  i n  t h e  sequent ia l  des t ruc -  
t i o n  o f  t h e  p a r a l l e l e d  dev ices.  F i n a l l y ,  one r e s o r t s  t o  ope ra t i on  o f  complete 
modules o f  e l e c t r o n i c  power conver te rs  i n  p a r a l l e l  and i n  such a  way t h a t  load 
sha r i ng  i s  accomplished, The p r i c e  f o r  t h i s  approach i s  a  m u l t i p l i c a t i o n  o f  t h e  
complex i t y  o f  t h e  system i n c l u d i n g  t h e  need f o r  a  c o o r d i n a t i n g  system f o r  these 
modules. Furthermore, t h e  a c t u a l  power hand1 ing  capabi 1 i t y  o f  a  pa i r o f  power 
t r a n s i s t o r s  ope ra t i ng  i n  one such module i s  p r e s e n t l y  l i m i t e d  t o  approx imate ly  
300 wat ts .  Propu ls ion  systems r e q u i r i n g  10 kW a r e  p r e s e n t l y  under development 
and s u b s t a n t i a l l y  l a r g e r  systems a r e  env is ioned f o r  t h e  f u t u r e ,  

I t  cou ld  appear t h a t  t h e  r e l i a b i l i t y  o f  a  s p e c i f i c  channel O F  an e l e c t r o n i c  
c o n t r o l  and power supply  system would be enhanced by a  l a r g e r  number o f  modules. 
The f a1  lacy  o f  t h i s  reasoning becomes immediately apparent v L ' ) c i ~  t h e  cumula t i ve  
number o f  component p a r t s  t h a t  a r e  a b s o l u t e l y  needed f o r  such a  channel o f  power 
convers ion  (w i thou t  redundancy) i s  compared t o  a  s i n g l e  module system. It may, 
o f  course, be i nd i ca ted  t o  d i v i d e  t h e  system f o r  a  g i ven  power capac i t y  i n t o  a  
number o f  modules t o  meet c e r t a i n  r e l i a b i l i t y  requi rements.  However, t h e  number 
o f  these  modules should n o t  be d i c t a t e d  by t h e  phys i ca l  l i m i t a t i o n  o f  sw i t ch ing  
dev ices,  bu t  chosen f o r  maximum r e l i a b i l i t y .  

The v u l n e r a b i l i t y  o f  an e l e c t r o n i c  sw i t ch ing  element i n  t h e  form o f  a  power 
t r a n s i s t o r  was p red i ca ted  p r i m a r i l y  on t h e  e f f e c t s  o f  two assumptions: 

1 .  The sw i t ch ing  element i s  be ing used t o  f o r c i b l y  i n t e r r u p t  es tab l i shed  
c u r r e n t s  i n  c i r c u i t s  which i nc l ude  leakage o r  d i s t r i b u t e d  inductances, 
and has, t h e r e f o r e ,  t o  t o l e r a t e  t h e  assoc ia ted  c y c l i c a l l y  r e c u r r i n g  
adverse t r a n s  i e n t  e f f e c t s .  

2, The coup l i ng  o f  t hese  c i r c u i t s  t o  t h e  ad jacen t  - generator  and ion 
engine - systems i s  such t h a t  any v a r i a t i o n  i n  t h e  behavior  o f  these  
systems w i l l  p r o p o r t i o n a l l y  a f f e c t  t h e  s t ressed  imposed on t h e  swi tch-  
i ng  component, 

These e f f e c t s  a r e  compounded by: 

3. The i n a b i l i t y  o f  t h e  t r a n s i s t o r  t o  t o l e r a t e  more than very  moderate 
excurs ions o f  c u r r e n t  beyond i t s  r a t e d  va lues,  even d u r i n g  sho r t  
t i m e  i n t e r v a l s .  

4. The l a c k  o f  s u i t a b l e  dev ices w i t h  r a t i n g s  t h a t  would permi t  cons t ruc -  
t i o n  o f  s i n g l e  module m u l t i k i l o w a t t  conve r te r s  o f  conven t iona l  design. 

It appears on t h e  su r f ace  t h a t  i t  i s  necessary t o  develop power t r a n s i s t o r s  
f o r  use i n  l a r g e r  conver te rs ,  t h a t  i s ,  i f  one i n s i s t s  t o  app ly  them i n  conven- 
t i o n a l  c i r c u i t  c o n f i g u r a t i o n s ,  Another approach which overcomes t h e  discussed 
l i m i t a t i o n s  i s  presented i n  t h e  f o l l o w i n g .  



I I. The Load i n s e n s i t i v e  Ser ies Converter 

A  s o l u t i o n  o f  t h e  problem, as exposed i n  t h e  preceding sec t ion ,  i s  i n d i -  
cated by t h e  cause o f  t h e  adverse e f f e c t s  on s w i t c h i n g  elements, s t a t e d  under 
1 and 2  above, A  f u n c t i o n a l  mechanism has t o  be dev ised f o r  t h a t  purpose i n  
which: 

la ,  The sw i t ch ing  element c loses  and opens i n  t h e  presence o f  i n s i g n i f i -  
cant  o r  ze ro  c u r r e n t  f l o w  i n  t h e  assoc ia ted  c i r c u i t s ,  

2a. The c h a r a c t e r i s t i c  behavior  o f  these c i r c u i t s  i s  such t h a t  t h e  
s t resses  on t h e  s w i t c h i n g  components a r e  o n l y  moderately a f f e c t e d  
and up t o  a  p r e d i c t a b l e  l i m i t  a t  t imes  when t h e  behavior  o f  t h e  
ad jacent  - generator  and i on  engine - systems undergo s i g n i f i c a n t  
v a r i a t i o n s .  

S a t i s f a c t i o n  o f  these  two requirements removes t h e  necess i t y  f o r  substan- 
t i a l  d e r a t i n g  o f  s w i t c h i n g  elements i n  conver te r  c i r c u i t s  f o r  t e c h n i c a l  reasons. 
Furthermore, t h e  maximum s t resses  imposed on t h e  components can then  be pre-  
d i c t e d  w i t h  c e r t a i n t y ;  t h i s  c e r t a i n t y  permi ts  a  meaningful  es t ima te  on t h e  l i f e  
expectancy o f  t h e  sw i t ch ing  elements based on t e s t  data acqu i red  under analogous 
c o n d i t i o n s  o f  opera t ion .  An e l e c t r o n i c  f u n c t i o n a l  mechanism which s a t i s f i e s  these  
requirements i s  presented i n  t h e  f o l l o w i n g .  

B. Func t iona l  Phi losophv 

The s e r i e s  conve r te r  i s  a  system t h a t  uses s e r i e s  resonant LC c i r c u i t s  f o r  
t h e  t r ans fo rma t i on  and t r a n s f e r  o f  e l e c t r i c  power f rom t h e  source o f  e l e c t r i c  
energy t o  t h e  load (4, 5) .  I n  so doing, i t  performs t h e  f u n c t i o n s  o f  v o l t a g e  
s c a l i n g  and s t a b i l i z a t i o n  (6, 7 ) ,  w i t h i n  one s i n g l e  process, The symbol ic  c i r -  
c u i t  d iagram o f  such a  conver te r  i s  shown i n  F igu re  4. Switch CR l l  c loses  a t  a  
t i m e  when capac i t o r  C 1 1  i s  discharged. As a  r e s u l t ,  a  c u r r e n t  w i l l  f l o w  from 
source es through sw i t ch  C R 1 1 ,  i nduc to r  L1, t rans fo rmer  X and c a p a c i t o r s  C l l  
and C 1 2 .  Th i s  c i r c u i t  i s  dev ised t o  be h i g h l y  underdamped, s i nce  t rans fo rmer  X 
r e f l e c t s  c a p a c i t o r  Co shun t ing  i t s  secondary wind ing,  i n t o  t h e  p r imary  c i r c u i t .  
The ensuing c u r r e n t  il, shown i n  F igu re  5, assumes acco rd ing l y  a  s i nuso ida l  wave- 
form u n t i l  i t  tends t o  reverse  i t s  d i r e c t i o n .  At t h a t  t ime, t h e  t h y r i s t o r  C R l l  
opens by i t s e l f ,  f o l l o w i n g  i t s  i n t r i n s i c  behav io ra l  charac te r .  The p r ima ry  c i r -  
c u i t  comes acco rd ing l y  t o  r e s t  and remains i n e r t  f o r  a  t ime  i n t e r v a l  Td t o  per -  
m i t  t h y r i s t o r  CRl l  t o  recover  t o  a  forward v o l t a g e  b l o c k i n g  s t a t e .  Swi tch C R 1 2  
i s  energ ized  nex t  and another  h a l f  s i nuso id  o f  c u r r e n t  f l ows  th rough t rans fo rmer  
X i n  t h e  reverse  d i r e c t i o n ,  aga in  f o l l owed  by an i n t e r v a l  Td which completes one 
work c y c l e  o f  t h e  conve r te r .  

These c u r r e n t s  charge t h e  ou tpu t  f i l t e r  c a p a c i t o r  Co r e c u r r e n t l y  such t h a t  
i t  ma in ta i ns  a  des i r ed  average v o l t a g e  l e v e l  Vo. Th i s  l e v e l  i s ,  o f  course, per-  
t u rbed  by a  " r i p p l e "  w i t h i n  p resc r i bed  l i m i t s  o f  t o l e rance .  The r a t e  o f  charge 
o f  t h i s  c a p a c i t o r  i s  determined by (1 ) t h e  preprogrammed ou tpu t  v o l t a g e  Vo and 
(2)  by t h e  c u r r e n t  demand o f  t h e  load, The frequency o f  operat  ion  o f  t h i s  system 
ranges acco rd ing l y  f rom zero  a t  no load t o  a  maximum which i s  l i m i t e d  by ma in ta i n -  
i ng  an e f f i c i e n t  r a t i o  between t h e  rms va lue  irms and t h e  average va lue  iav of  



t h e  cu r ren t .  Ph i s  r a t i o  

increases w i t h  inc reas ing  r a t i o  Pd/Tk and the  ohmic losses i n  t h e  l i n e a r  elements 
o f  t h e  c i r c u i t  increase w i t h  t h e  square o f  (3, 81, The t h y r i s t o r  recovery 
t i m e  i n t e r v a l  Td and t h e  system e f f i c i e n c y  requirements thus  l i m i t  t h e  maximum 
frequency o f  opera t  ion. 

It i s  emphasized t h a t  t h e  maximum i n t e r n a l  f requency o f  opera t  ion  i s  no t  
l i m i t e d  by d e s t r u c t i v e  heat generated i n  sw i t ch ing  dev ices as discussed before,  
bu t  by cons idera t  ions o f  o v e r a l l  systems e f f i c i e n c y  f o r  a  g iven  t h y r i s t o r  re -  
covery t ime  Td. Cu r ren t l y  a v a i l a b l e  dev ices w i t h  o the rw i se  q u a l i f y i n g  charac- 
t e r i s t  i c s  r e q u i r e  recovery t i m e  i n t e r v a l s  o f  approx imate ly  10 A sec. An inver -  
s i on  frequency f = 10 kHz corresponds then t o  a  r a t i o  Tk/(Tk + Td) = 0.8, re -  
s u l t i n g  i n  a  va lue  j a =  l e 2 4 .  The corresponding curve i n  F igu re  6 i n d i c a t e s  a 
steep r i s e  o f  y2 f o r  Tk/(Tk + Td) 4 0.8. The thus i nd i ca ted  e f f e c t  on t h e  
e f f i c i e n c y  p o i n t s  t o  t h e  need t o  reduce t h e  recovery t i m e  Td f o r  purpose o f  in -  
c reas ing  t h e  i n t e r n a l  f requency beyond 10 kHz. 

6. E f f e c t s  o f  Forced vs. Na tu ra l  Current  Flow Terminat ion 

The photograph o f  a  t r a c e  on t h e  osc i l l oscope ,  i n d i c a t i n g  t h e  power d i s s i p a -  
t i o n  i n  a  t h y r i s t o r  as a  f u n c t i o n  o f  t i m e  i s  presented i n  F igure  7. Th i s  t h y r i s t o r  
opera tes  w i t h i n  a  s e r i e s  resonant c i r c u i t  o f  t h e  p r e v i o u s l y  descr ibed  type.  A 
comparison o f  t h i s  d i s s i p a t i o n  curve  w i t h  t h a t  o f  a  sw i t ch ing  power t r a n s i s t o r  
shown i n  F igu re  3 r evea l s  the almost complete absence o f  t h e  power d i s s i p a t i o n  
peaks observed i n  t h e  t r a n s i s t o r  d i s s i p a t i o n  curve. i f  the t r a n s i s t o r  d i s s i p a t i o n  
curve  were i d e a l  - w i t hou t  t h e  peaks - then  t h e  frequency o f  ope ra t i on  cou ld  be 
increased i n d e f i n i t e l y ,  y e t  t h e  average power d i s s i p a t i o n  would remain cons tan t  
f o r  an i n v a r i a n t  average cu r ren t  and a  f i x e d  o n - o f f  sw i t ch ing  r a t i o .  However, 
t h e  peaks add a  f i x e d  amount o f  energy d i s s i p a t i o n  per  c y c l e  t o  t h e  former i n -  
t r i n s i c  d i s s i p a t i o n  component, and t h i s  a d d i t i o n  per  c y c l e  i s  independent o f  t h e  
frequency o f  ope ra t i on  f o r  a  g iven  c i r c u i t .  The p roduc t  o f  energy as con ta ined  
under each peak and t h e  number o f  events  per  second, c o n s t i t u t e s  a  d i s s i p a t i o n  
component t h a t  i s  p r o p o r t i o n a l  t o  t h e  t r a n s i s t o r  s w i t c h i n g  frequency o f  opera t ion .  
Ph i s  c h a r a c t e r i s t i c  behavior  o f  s w i t c h i n g  processes was p r e d i c t e d  e a r l  i e r  (9) and 
was r e c e n t l y  v e r i f i e d  (3) ,  The r e s u l t s  o f  recorded average power d i s s i p a t i o n  i n  
power t r a n s i s t o r s  a r e  presented i n  F igd re  8. The graph i n d i c a t e s  t h e  power d i s -  
s i p a t i o n  near zero  frequency f o r  v a r i o u s  c u r r e n t  l eve l s ,  by i n t e r c e p t  o f  t h e  
s t r a i g h t  l i n e  "curves" w i t h  t h e  o rd ina te ,  The l i n e a r  increase o f  power d i s s i p a -  
t i o n  w i t h  f requency i s  v e r i f i e d  by t h e  s t r a i g h t  l i n e  cha rac te r  o f  t h e  graph. 

Conversely, t h e  average power d i s s i p a t i o n  curve  o f  t h e  t h y r i s t o r  o p e r a t i n g  
i n  t h e  d iscussed s e r i e s  resonant c i r c u i t s  shows o n l y  a  ve ry  moderate inc rease  
w i t h  h i ghe r  f requenc ies  o f  opera t ion .  The s lope  o f  t h e  t h y r i s t o r  cu rve  f o r  7.7 A 
peak c u r r e n t  i s  approx imate ly  1/40 o f  t h a t  o f  t h e  t r a n s i s t o r  cu rve  f o r  t h e  same 
c u r r e n t .  The t h y r i s t o r  average d i s s i p a t i o n  curve  i n d i c a t e d  by a  d o t t e d  l i n e  i n  
F igu re  8 s t a r t s  w i t h  a h i ghe r  "zero" f requency va lue  than  i t s  t r a n s i s t o r  counter -  
p a r t ,  bu t  soon crosses t h i s  l i n e .  These da ta  i l l u s t r a t e  t h e  i m p r a c t i c a l i t y  o f  
a p p l i c a t i o n  o f  fo rced  c u r r e n t  t u r n - o f f  processes f o r  h i g h  frequency power conver- 
t e r s ;  they a l s o  i n d i c a t e  t he  promise o f  e f f i c i e n t  o p e r a t i o n  c f  s e r i e s  conve r te r s  



a t  h i ghe r  f requencies,  The f e a s i b i l i t y  o f  a  f u n c t i o n a l  mechanism w i t h  s w i t c h i n g  
elements t h a t  c l o s e  and open i n  t h e  presence o f  i n s i g n i f i c a n t  c u r r e n t  f l ow,  as 
i n d i c a t e d  under l a  be fo re ,  has thus been demonstrated. 

A  h i g h l y  underdamped LC c i r c u i t ,  as discussed w i t h  re fe rence  t o  F igure  4,  
would n e c e s s a r i l y  cause s u b s t a n t i a l  excurs ions  o f  t h e  capac i t o r  v o l t a g e  v c l  a t  
t h e  j u n c t i o n  o f  capac i t o r s  C 1  1 and C 1 2  (6). The amp1 i t u d e  v c l  ( t k )  o f  these  
v o l t a g e  v a r i a t i o n s  e v e n t u a l l y  reaches t h e  va lue  

where 

Q = t h e  "qua1 i t y "  o f  t h e  resonant c i r c u i t  i n  t h e  
convent iona l  sense 

es = source v o l t a g e  

v2 = p r imary  t rans fo rmer  v o l t a g e  as r e f l e c t i n g  t h e  ou tpu t  
f i l t e r  v o l t a g e  o f  capac i t o r  Co, 

Any d i s tu rbance  o f  t h e  p reca r i ous  balance between t h e  d i f f e r e n c e  o f  es 
and v2 - which a r e  o f  app rec iab le  magnitude - would r e s u l t  i n  excurs ions  o f  v  1  
t h a t  w i l l  impose unacceptable s t resses  on t h e  conver te r  c i r c u i t  components. f h i s  
i s  avo ided by removing energy f rom induc to r  L1 a t  a  t i m e  when v c l  reaches i t s  
intended maximum value. As a  consequence, t h e  f l o w  o f  energy i n t o  c a p a c i t o r s  
C l l  and C 1 2  i s  immediately a r r e s t e d  and t h e  v o l t a g e  excurs ion  v c l  ( t k )  i s  conf ined 
acco rd ing l y .  The v o l t a g e  wave shape o f  v c l  t h a t  ensues under these  c o n d i t i o n s  
i s  i l l u s t r a t e d  i n  F igu re  9(a),  

One way t o  ach ieve t h e  i n d i c a t e d  t r a n s f e r  o f  energy f rom i nduc to r  L1 t o  t h e  
load i s  i l l u s t r a t e d  i n  t h e  c i r c u i t  d iagram shown i n  F igu re  10. Induc to r  L1 i s  
s p l i t  i n t o  two ha lves  Lll and L12 and each o f  these i s  p rov ided  w i t h  a  secondary 
w ind ing  W2] and WL22 respec t i ve l y .  Secondary swi tches S2] and S22 i n i t i a t e  con- 
d u c t i o n  whenever t h e  v o l t a g e  o f  t h e  assoc ia ted  secondary i nduc to r  wind ings i n -  
creases beyond t h e  ou tpu t  v o l t a g e  Vo. Th is  removes t h e  energy f rom i nduc to r s  
Lll and achieves t h e  intended purpose i n  a r r e s t i n g  f u r t h e r  increase o f  c a p a c i t o r  
v o l t a g e  v c l .  The i n s t a n t  when swi tches S2] c l o s e  can be va r i ed ,  thus  e s t a b l i s h -  
i ng  a  means t o  c o n t r o l  t h e  magnitude o f  v c l  (tk). AS a mat te r  o f  f a c t ,  one can 
use t h e  magnitude o f  t h e  s i gna l  v c l  t o  a c t  on swi tches S 2 ]  acco rd ing l y  and p re -  
determine i t s  excurs ions.  

The v o l t a g e  and c u r r e n t  waveforms i n  i nduc to r s  Ll l  a r e  shown i n  F igures  
9 (a )  and (b) .  The vo1 tage  d i f f e r e n t i a l  A V L  impressed on i nduc to r  L1 remains 
cons tan t  f o r  two source vo l t ages  e s l  4 es2 and cou ld  under these  c o n d i t i o n s  thus  
be kep t  constant  anywhere between these  two 1 i m i t s  (6) ,  

It f o l l ows  t h a t  t h e  ampl i tude  la o f  each h a l f  s i n u s o i d  o f  t h e  c u r r e n t  wave- 
form o f  i l  can be kept  constant  f o r  any inpu t  v o l t a g e  e  w i t h i n  des ign l i m i t s .  
I t  can be shown t h a t  t h e  r a t i o  irmS/iav o f  i 1  v a r i e s  onqy moderately as long as 
a ( e s l )  = I a ( e s 2  The r e s u l t  i s ,  t h a t  t h e  e f f i c i e n c y  o f  ope ra t i on  o f  t h i s  



system i s  independent o f  v a r i a t i o n s  o f  t h e  input  vo l tage ,  Th is  i s  a  un ique prop- 
e r t y  f o r  a  s o l i d  s t a t e  power conver te r ,  as a  m a t t e r  o f  f a c t ,  f o r  any e l e c t r i c  ap- 
paratus,  

A consequence o f  t h i s  p e c u l i a r  c h a r a c t e r i s t i c  i s  a  complete i n s e n s i t i v i t y  
o f  t h e  sw i t ch ing  components o f  t h e  system aga ins t  cons iderab le  inpu t  v o l t a g e  
v a r i a t i o n s .  Th i s  i s  s t a t e d  i n  o t h e r  terms as say ing  t h a t  t h e  c u r r e n t  l e v e l  i n  
t h e  s w i t c h i n g  elements i s  una f f ec ted  by s u b s t a n t i a l  ( 2 : l )  v a r i a t i o n  o f  t h e  inpu t  
vo l tage ,  

A converse s i t u a t i o n  e x i s t s  i f  t h e  system i s  p r o g r e s s i v e l y  over loaded, and 
i t s  ou tpu t  t e rm ina l s  a r e  e v e n t u a l l y  shor t  c i r c u i t e d .  The l a t t e r  case c o n s t i t u t e s  
obv ious l y  t h e  extreme and should cause t h e  maximum component s t resses.  The 
ampl i tude  I i s  determined by t h e  i n i t i a l  v o l t a g e  on t h e  induc to r  t e r m i n a l s  n v L  a 
and t h e  a d m ~ t t a n c e  o f  t h e  s e r i e s  resonant c i r c u i t .  The admi t tance o f  t h e  LC 
c i r c u i t  i s  o n l y  s l i g h t l y  a f f e c t e d  when capac i t o r  Co i s  sho r t  c i r c u i t e d ,  because 
Co c o n s t i t u t e s  an apparent ac sho r t  c i r c u i t  under any c o n d i t i o n  s i nce  C2 >>C1;  
C2 i s  t h e  capaci tance Co as r e f l e c t e d  i n t o  t h e  p r imary  c i r c u i t  and C 1  = (Cll + CI2) /  
C l l C I 2 .  The magnitude o f  la i s  thus, i n  p r a c t i c e ,  p r o p o r t i o n a l  t o  A V L .  The 
r e f l e c t i o n  v2 o f  t h e  ou tpu t  v o l t a g e  Vo i n t o  t h e  p r imary  c i r c u i t  i s  s u b s t a n t i a l l y  
sma l le r  than  A V L  (3).  It f o l  Tows t h a t  an e l  i m i n a t i o n  o f  v2 (by s h o r t  c i r c u i t i n g  
t h e  systems ou tpu t  t e r m i n a l s )  w i  1 1  r e s u l t  i n  an increase o f  I, by a  r a t i o :  

8, ( sho r t  c i r c u i t ) / l a  = 1 + v2/ A v L  

where 

Ev iden t l y  w i l l  la and irmS increase by l ess  than  a  f a c t o r  o f  two, depending 
upon des ign parameters, whatever t h e  ou tpu t  t e rm ina l  cond i t i ons .  

It has been demonstrated t h a t  t h e  system w i l l ,  under s t a t i c  o r  dynamic con- 
d i t i o n s ,  n o t  impose s t resses  on i t s  sw i t ch ing  components t h a t  exceed t h e  steady 
s t a t e  s t resses  by a  f a c t o r  o f  two, even when t h e  system ou tpu t  t e r m i n a l s  a r e  s h o r t  
c i r c u i t e d .  Th i s  behavior  i s  roo ted  i n  t h e  f a c t  t h a t  t h e  discussed non l i nea r  LC 
o s c i l l a t o r  w i l l  l i m i t  t h e  acceptance o f  energy f rom t h e  source such t h a t  i t s  
resonant c u r r e n t  cannot r i s e  beyond t h e  i nd i ca ted  l e v e l .  The corresponding c i r -  
c u i t  o p e r a t i o n  man i fes ts  i t s e l f  i n  a  pro longed d ischarge  c y c l e  o f  t h e  energy 
s to red  i n  i nduc to r  L11. The corresponding c u r r e n t  waveforms a r e  i n d i c a t e d  i n  
F igu re  1 1 .  The requirement f o r  a  s e l f - p r o t e c t i n g  e l e c t r o n i c  conver te r  system as 
p r e v i o u s l y  s t a t e d  under 2a i s  thus  s a t i s f i e d .  

The s e r i e s  resonant c i r c u i t s  o f  t h e  discussed inve t - te r -conver te r  lend them- 
se lves  un ique l y  f o r  o p e r a t i o n  w i t h  t h y r i s t o r s  as s w i t c h i n g  elements. Current  con- 
d u c t i o n  i s  i n i t i a t e d  by t r i g g e r i n g  o f  t h e  dev ices;  c u r r e n t  f l o w  t e r m i n a t i o n  i s  
caused by t h e  n a t u r a l  behavior  o f  t h e  c i r c u i t s  and does n o t  r e q u i r e  any mechanism 
f o r  t h a t  purpose, as o the rw i se  needed. The t h y r i s t o r  w i l l  t o l e r a t e  c u r r e n t  excur-  
s ions  o f  t e n  t imes and beyond o f  i t s  r a ted  cu r ren t  c a r r y i n g  capac i t y  f o r  sho r t -  
t i m e  i n t e r v a l s ,  such as approx imate ly  t e n  m i l l i s e c o n d s  w i t h o u t  damage t o  t h e  



device,  The dev ice  i s ,  fur thermore,  a v a i l a b l e  w i t h  r a t i n g s  i n  excess o f  1000 
v o l t s  and i n  excess o f  1000 amperes, a l though dev ices w i t h  t h e  h igher  c u r r e n t  
r a t i n g s  would no t  be s u i t e d  f o r  ope ra t i on  i n  excess o f  a  few  kHz. However, de- 
v i c e s  o f  t h i s  t ype  w i t h  r a t i n g s  up t o  1000 v o l t s  and c u r r e n t s  i n  excess o f  100 A  
t h a t  a r e  s u i t e d  f o r  use i n  systems w i t h  i n t e r n a l  f requencies up t o  10 kHz a r e  
c u r r e n t l y  a v a i l a b l e  and have been success fu l l y  used i n  s e r i e s  conver te rs ,  
T h y r i s t o r s  w i t h  comparable r a t i n g s  and w i t h  recovery t imes o f  less  than 2 A s e c ,  
t h a t  cou ld  opera te  w i t h i n  conver te r  systems w i t h  f requencies up t o  50 kHz a r e  
p r e s e n t l y  be ing  developed; t e s t s  o f  p ro to t ype  dev ices have i nd i ca ted  f e a s i b i l i t y .  

Simultaneous c l o s i n g  o f  swi tches CRl l  and CRIZ would lead t o  a  c a t a s t r o p h i c  
f a i l u r e  o f  t h e  conver te r  system, Th i s  t ype  o f  problem i s  common t o  dc d r i v e n  
s e l f  o s c i l l a t o r y  conver te r  systems w i t h  t h y r i s t o r  sw i t ch ing  devices. There i s ,  
however, a  s i g n i f i c a n t  d i f f e r e n c e  between use o f  t h y r i s t o r s  i n  s e r i e s  and i n  
p a r a l l e l  i n v e r t e r s .  F a i l u r e  o f  enforced t e r m i n a t i o n  o f  c u r r e n t  f l o w  i n  t h e  
t h y r i s t o r  o f  a  para1 l e l  i n v e r t e r  r e s u l t s ,  unavoidably,  i n  a  s h o r t - c i r c u i t  con- 
d i t i o n  and t h e  d e s t r u c t i o n  o f  t h e  i n v e r t e r .  P reven t ion  o f  i n i t i a t i o n  o f  con- 
d u c t i o n  i n  t h e  companion t h y r i s t o r  i s  f u t i l e ,  s i nce  i t w i l l  n o t  t e r m i n a t e  t h e  
on-going d e s t r u c t i v e  process, un less o t h e r  p recau t ions  have been taken. 

Conversely, i t  i s  s u f f i c i e n t  t o  prevent  i n i t i a t i o n  o f  c u r r e n t  f l o w  i n  any 
o f  t h e  s e r i e s  i n v e r t e r ' s  t h y r i s t o r s  as long as i t s  companion t h y r i s t o r  con t inues  
i n  t h e  conduc t ing  s t a t e ,  The presence o f  c u r r e n t  f l o w  through t h e  i n d i v i d u a l  
t h y r i s t o r s  i s  sensed and t ransformed i n t o  an i n h i b i t i n g  s i gna l  t h a t  p reven ts  
any t r i g g e r  pu l se  f rom caus ing c u r r e n t  conduct ion i n  t h e  companion t h y r i s t o r .  
Current  f l o w  i n  any o f  t h e  t h y r i s t o r s  has t o  cease e v e n t u a l l y  because o f  t h e  
s e r i e s  capac i t o r  which cannot s u s t a i n  a  dc cu r ren t ,  i t  f o l l o w s  t h a t  no sho r t  
c i r c u i t  c o n d i t i o n  w i l l  occur,  as long as t h e  e l e c t r o n i c  p r o t e c t i o n  mechanism 
f u n c t i o n s  p rope r l y .  "Acc identa l "  f i r i n g  o f  t h y r i s t o r  can be i n v a r i a b l y  t r a c e d  
t o  improper ly  designed o r  f a u l t y  cons t ruc ted  c i r c u i t s ,  Th i s  can i nc l ude  in -  
adver ten t  v i o l a t i o n  o f  dynamic dev ice  c h a r a c t e r i s t i c s ,  f a i l u r e  t o  a p p r e c i a t e  
p a r a s i t i c  e f f e c t s  such as leakage inductance o r  d i s t r i b u t e d  inductance and capac- 
i tance,  It inc ludes,  furthermore, inadequate p r o t e c t i o n  aga ins t  no i se  generated 
by e lec t romagnet i c  s t r a y  f i e l d s  and no i se  conveyed through conduc t i ve  channels 
such as ground w i res  d u r i n g  v i o l e n t  t r a n s i e n t  cond i t i ons ,  Exposure o f  t h e  
t h y r i s t o r  t o  r a d i a t i o n  e f f e c t s  has shown t h a t  t h e  responsiveness o f  t h i s  dev i ce  
t o  t r i g g e r  s i g n a l s  s u f f e r s  i n  t h e  presence o f  neu t ron  bombardment r a t h e r  than 
t o  increase i t s  s u s c e p t i b i l i t y  t o  an estab l ishment  o f  c u r r e n t  conduct ion. The 
t h y r i s t o r  has proven t o  be an u t t e r l y  r e l i a b l e  dev ice,  when a p p l i e d  p r o p e r l y  and 
used i n  acco rd ing l y  designed c i r c u i t s ,  

1 1  8 ,  Experimental  Resu l ts  

A  2 kW conver te r  was cons t ruc ted  and operated f rom a  300 v o l t  dc supply  
l i n e .  Th i s  system was used t o  supply t h e  power f o r  t h e  beam o f  t h e  Jet  Propul -  
s i on  Labo ra to r y ' s  20 cm ion  engine a t  2 kV. Th i s  conver te r  operated a t  an ef -  
f i c i e n c y  o f  95% when f u l l y  loaded. The system e f f i c i e n c y  as a  f u n c t i o n  o f  ou tpu t  
power i s  i nd i ca ted  i n  F igure  12, 



The system was provided w i t h  an over load p r o t e c t i o n  mechanism t h a t  would 
cause cessat ion o f  swi tch opera t ion  whenever the  output  cur ren t  would exceed 
i t s  ra ted  maximum o f  1 A by lo%, Approximately 300 m.sec. l a t e r  opera t ion  would 
be r e i n i t i a t e d  au tomat ica l l y  and recur ren t  recyc l i ng  cont inue u n t i l  s teady-state 
opera t ion  could be reestabl ished.  This  power supply was tes ted  t o  w i ths tand peak 
cu r ren ts  up t o  1000 A through i t s  shor t  c i r c u i t e d  output  te rmina ls ,  p r i o r  t o  in-  
t e g r a t i o n  w i t h  the  ion propu ls ion  engine. 

During recur ren t  a rc ing  phases o f  t he  ion engine i t  became apparent t h a t  t h i s  
beam power supply could resume opera t ion  w i thout  delay and w i thout  t h e  need f o r  
( I )  reduc t ion  o f  t h e  o ther  engine func t ions  and (2) a  f o l l o w i n g  phase o f  gradual 
power bui ld-up. It became, furthermore, apparent t h a t  t he re  was no need t o  in- 
t e r r u p t  t h e  f l ow  o f  power f o r  purposes o f  p r o t e c t i n g  the  power supply when the  
ra ted  cu r ren t  was exceeded by 10%. The breadboard o f  t he  discussed system has a 
component weight o f  approximately 4 kg, o r  2 kg/kW. This breadboard is ,  however, 
not  t h e  r e s u l t  o f  weight op t im iz ing  design. A photograph o f  t h e  experimental  sys- 
tem i s  shown i n  F igure  13, 

The dynamic behavior i s  t h a t  o f  an uncond i t i ona l l y  s t a b l e  system, as expected 
from a  regu la to r  system w i t h  a  s i n g l e  element f i l t e r .  No output  v ~ l t a g e  over- 
shoots a r e  observed du r ing  t h e  tl!!-n-m phase o r  du r ing  complete unloading o f  t h e  
f u l l y  loaded system. Conversely, t he re  i s  no t r a n s i e n t  reduc t ion  i n  ou tpu t  v o l t -  
age when t h e  f u l l  load i s  imposed on t h e  p rev ious l y  unloaded system. 

A complete e l e c t r o n i c  system w i t h  ten  output  channels and a  cumulat ive 
power capac i ty  o f  2,7 kW i s  p resent ly  under cons t ruc t ion .  It i s  intended t o  
c o n t r o l  and power a  20 cm ho l low cathode ion  propu ls ion  engine. The power i s  
der ived from a  source o f  e l e c t r i c  energy w i t h  vo l tage  v a r i a t i o n s  from 200 t o  400 
v o l t  dc, s imu la t i ng  t h e  output  c h a r a c t e r i s t i c s  o f  a  so la r  panel. 

V. Conclusions 

The presented e l e c t r o n i c  conver ter  system was shown t o  

1. Be e l e c t r i c a l l y  rugged because it i n t r i n s i c a l l y  avoids impos i t ion  of  
severe t r a n s i e n t  peak st resses on semiconductor swi tch ing  components, 
otherwise encountered i n  e l e c t r o n i c  power converter technology. 

2, Be s u i t e d  f o r  u t i l i z a t i o n  o f  e l e c t r i c a l l y  rugged t h y r i s t o r s  as switch- 
ing  elements because o f  t h e  resonant cur ren t  t u r n - o f f  processes which 
a r e  inherent i n  t h e  system. 

3 .  Al low cons t ruc t i on  o f  s i n g l e  modules w i t h  m u l t i k i l o w a t t  power capac i ty ,  
because o f  t he  cur ren t  a v a i l a b i l i t y  o f  sw i tch ing  elements w i t h  ample 
r a t  ings. 

4. Transform t h e  e l e c t r i c  energy a t  e f f i c i e n c i e s  i n  excess o f  90% which i s  
l a r g e l y  due t o  the  na tu ra l  cu r ren t  communtation o f  i t s  i n t e r n a l  switches 
and i t s  opera t ion  from convent ional vo l t age  l eve l s  of  several hundred 
v o l t s .  



P o  Permi t  use o f  e f f i c i e n t  and l i g h t w e i g h t  cab l i ng ,  and d i s t r i b u t i o n  
systems a t  100 t o  500 v o l t  dc ( o r  ac when preceded by a  three-phase 
f u  1 1 wave r e c t  i f i e r  b r i dge )  . 

6 ,  A l l o w  h igh  power d e n s i t i e s  o f  equipment such as approx imate ly  0.4 kW/kg 
w i t h  p r o j e c t  ion  o f  feas i b i  1 i t y  o f  f u r t h e r  improvement t o  1 kW/kg and 
beyond w i t h  t h e  a v a i l a b i l i t y  o f  c u r r e n t l y  developed high-speed t h y r i s t o r s .  

The e l e c t r i c  ruggedness o f  t h e  system i s  roo ted  i n  i t s  i n t e r n a l  mode o f  oper- 
a t i o n ,  r a t h e r  than  t h e  use o f  t h e  more s t r e s s  t o l e r a n t  t h y r i s t o r .  It i s  almost 
i r o n i c a l  t h a t  t h e  t h y r i s t o r  used i n  t h e  s e r i e s  i nve r te r - conve r te r  which p r o t e c t s  
t h e  s w i t c h i n g  dev i ce  from harmfu l  t r a n s i e n t s  possesses t h e  ruggedness t o  t o l e r a t e  
ve ry  s u b s t a n t i a l  t r a n s i e n t  s t resses ,  where t h e r e  i s  l i t t l e  need f o r  i t, w h i l e  t h e  
t r a n s i s t o r  w i t h  l i t t l e  capac i t y  t o  t o l e r a t e  excess c u r r e n t s  i s  exposed t o  t h e  
o f t e n  v i o l e n t  over loads  i n  t h e  p a r a l l e l  i n v e r t e r  caused by t r a n s i e n t  phases o f  
i on  engine ope ra t i on .  

Design and c o n s t r u c t i o n  o f  these systems impose s u b s t a n t i a l  demands on t h e  
s k i l l s  o f  concerned personnel.  Inadequacies man i fes t  themselves i n  t h e  form o f  
i n t e r n a l  sho r t  c i r c u i t s .  These can be induced by exposure o f  t h e  system t o  
sudden changes i n  e x t e r n a l  l oad ing  cond i t i ons .  However, t h e  system w i ths tands  
t h e  most severe e x t e r n a l l y  imposed c o n d i t i o n s  once i t  i s  p r o p e r l y  es tab l i shed .  
A conven t iona l  e l e c t r o n i c  conve r te r  i s  no t  prone t o  sudden f a i l u r e  due t o  des ign 
o r  c o n s t r u c t i o n  inadequacies because t hese  w i l l ,  u s u a l l y ,  cause a  con t inued  
process o f  e ros ion  i n  t h e  system. But i t  wi 1 1  f a  i 1 ,  eventua l  l y ,  because o f  any 
o f  these  inadquacies,  w h i l e  a  f a l s e  con f idence  may be evoked by i n i t i a l  system 
performance, Th i s  d i f f e r e n c e  i n  i n i t i a l  behavior  o f  t h e  two types  o f  systems 
cou ld  be i n t e r p r e t e d  as p e r m i t t i n g  a  more conc lus i ve  e v a l u a t i o n  o f  t h e  f i t n e s s  
o f  t h e  s e r i e s  i n v e r t e r - c o n v e r t e r  by means o f  systems t e s t s  b e f o r e  i t s  commission 
t o  a  g i ven  task .  
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Figure 1. - Symbolic diagram of an  ion propulsion engine w i th  i ts electronic control and 
power system. 

Figure 2. - Volt-ampere characteristic of the power supply for the arc of 
an ion propulsion engine. 



Figure 3. - Waveform of power dissipation 
in switching transistor with inductive 
load (10 ohm resistance in series with 
10 H inductance). 

Figure 4. - Simplif ied schematic of t h e  load-insensit ive series inver te r -  
converter. 



Figure 5. -Charac te r i s t i c  voltage and  c u r r e n t  waveforms of t h e  load- 
insensi t ive series inverter-converter. 
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Figure 6. - C u r r e n t  form factor p as func t ion  of pulse 
t ime rat io Tk/(Tk + Td). 



Figure 7. - Waveform of (a) anode to cathode 
voltage, (b) anode current, and (c) power 
dissipation of switching thyristor in series 
resonant circuit, 
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Figure 8. -Average  power dissipation i n  swi tching elements, 
ve rsus  pulse repet i t ion frequency. 



Figure 9. -Vol tage and  c u r r e n t  waveforms associated w i t h  induct ive . 
energy t ransfer .  

F igure 10. - Simplif ied schematic of t h e  load-insensitive, series inver te r -  
converter  w i th  induct ive energy t rans fe r  to t h e  load. 



Figure 11. -Inductor cur rent  waveforms (a) without energy 
transfer through secondary inductor windings, (b) wi th  such 
energy transfer, and (c) for  short  c i rcui ted system output 
terminals. 
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Figure 12. - Efficiency of  series inverter-converter as funct ion 
of output power. 
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Figure 13. - Series inverter-converier breadboard. 
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